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WearAbstract The H13 hot-working tool steel is widely used as die material in the warm forming of
Ti–6Al–4V titanium alloy sheet. However, under the heating condition, severe friction and lubricat-
ing conditions between the H13 tools and Ti–6Al–4V titanium alloy sheet would cause difﬁculty in
guaranteeing forming quality. Surface modiﬁcation may be used to control the level of friction
force, reduce the friction wear and extend the service life of dies. In this paper, four surface mod-
iﬁcation methods (chromium plating, TiAlN coating, surface polishing and nitriding treatment)
were applied to the H13 surfaces. Taking the coefﬁcient of friction (CoF) and the wear degree as
evaluation indicators, the high-temperature tribological behavior of the surface modiﬁed H13 steel
was experimentally investigated under different tribological conditions. The results of this study
indicate that the tribological properties of the TiAlN coating under dry friction condition are better
than the others for a wide range of temperature (from room temperature to 500 C), while there is
little difference of tribological properties between different surface modiﬁcations under graphite
lubricated condition, and the variation law of CoF with temperature under graphite lubricated is
opposite to that under the dry friction.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
The Ti–6Al–4V titanium alloy has been extensively used in
aerospace, automobile, ship, chemical and energy industries,
and the share of Ti–6Al–4V products in the titanium alloy
production accounts for more than 50%.1 Heating method
is a feasible way to reduce the deformation resistance of
Ti–6Al–4V and improve its formability, and it has been
the primary method to form the titanium alloy components.2
However, forming temperature above the recrystallization
Fig. 1 High-temperature TCT friction test.
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great changes in mechanical property and surface quality
of Ti–6Al–4V titanium alloy, such as phase transition and
surface oxidation, which are not conform to the ordinary
demands in some stamping forming of some semi-ﬁnished
Ti–6Al–4V sheet. Therefore, the warm forming method
may be a suitable way to improve the formability and keep
the mechanical property of Ti–6Al–4V sheet. Under the con-
dition of warm forming, the service life of dies and forming
quality will be more easily inﬂuenced by the extremely fric-
tion conditions than that in cold forming. Thus it is very
important to choose appropriate tool material to improve
friction conditions between
Ti–6Al–4V and forming tools in warm forming.
H13 is one of the most universal hot-working tool steels
with good high-temperature strength and ductility, and it is
suitable for die manufacturing used in Ti–6Al–4V titanium
alloy sheet warm forming.3 However, the H13 tool steel shows
a high coefﬁcient of friction (CoF) and suffers poor resistances
to sliding wear. Therefore there is a growing interest in using
surface engineering techniques to improve the tribological
properties of the hot work tool steel.4 Nitriding, polishing,
chromium electro-plating and hard coatings deposited by
PVD/CVD method are all applicable surface modiﬁcation
techniques.
Nitriding is a common practice already applied in the H13
tool steels,5 which has proved to be effective in improving the
life of H13 steel tools by two to three times.6 And this may
attribute to the improved tensile strength and wear resistance
after nitriding treatment.3 Another way to improve the friction
condition between the contacting surfaces of forming tools is
surface polishing. Related researches showed that the polishing
has a great effect on the tribological behavior of contacting
surfaces,7,8 and this is because the surface roughness and the
relative hardness of the contacting surfaces are the key factors
determining the contact friction conditions.9 While chromium
plating has also been applied in H13 due to its low CoF, low
wettability and low adhesion,10 and it shows satisfactory
long-term wear resistance better than that of the uncoated
and CrN coated H13 steel.11 In the last couple of years, hard
coatings deposited by PVD/CVD method have been success-
fully used for high wear resistance and long service life of
dies.12–18 However, the researches mainly focus on the wear
resistance12–14 and machinability15–17 while the combined tri-
bological properties are not mentioned. What’s more, the hard
coatings are just widely used for cutting tool applications, and
the applications in H13 steel used as sheet forming tools are
rare.19
In conclusion, Ti–6Al–4V titanium alloy sheet parts are
widely applied to advanced aircraft and spacecraft, but the
precision forming and service life of forming tool are still a
problem to be solved. And until now there are few researches
aimed at ﬁnding a proper surface modiﬁcation solution suit-
able for the Ti–6Al–4V titanium alloy sheet warm forming
tool. In this paper, the tribological properties of four surface
modiﬁed H13 steels (the chromium plating, TiAlN coating,
surface polishing and nitriding treatment) used in warm form-
ing of Ti–6Al–4V titanium alloy sheet are compared via the
high temperature friction and wear experiments under various
lubricating conditions and at different temperatures. Then, a
proper surface modiﬁcation can be determined and precise
friction evaluation can be conducted.2. Experiments
2.1. Friction test procedure
The high-temperature twist compression test (TCT) was
used for the determination of the tribological characteristics
and the CoF under various tribological conditions. Since
several variables such as sheet material, tool material, tem-
perature, pressure force, types of lubricant and large rotate
speed can be varied under dynamic contact conditions while
remaining a constant contact area in the test, the high-tem-
perature TCT is proper to reproduce the dynamic contact
conditions of warm forming of Ti–6Al–4V titanium alloy
sheet.20 Fig. 1 shows the device of high-temperature TCT
and the corresponding specimens. In the test, a rotating
annular tool is pressed against a ﬁxed sheet metal specimen,
while the pressure and torque are measured. According to







where l is the CoF, F is the friction force between the tool and
the sheet metal specimen, P is the normal contact pressure
exerted by the tool on the sheet metal specimen, T is the fric-
tion twist torque transmitted from the tool to the sheet metal
specimen, r is the mean radius of the tool, and A is the
cross-sectional area of the annular tool.
Table 1 shows the experimental parameters. In the practical
warm forming process of Ti–6Al–4V titanium alloy sheet, the
yield strength reduces evidently and the plasticity improves
much at 500 C, so 500 C may be a proper warm forming tem-
Table 1 Parameters used in TCT friction test.
Test parameter Value Uncertainty
Temperature (C) 20/300/500 ±2
Rotating speed (r/min) 6 ±1
Pressure (N) 500 ±1%
Friction time (s) 120
1004 D. Wang et al.perature to keep the material properties to the maximum
extent and successfully deform as well. Therefore, the friction
test temperature was assigned as 500 C. A normal force of
500 N was applied to the contacting specimens, which was
selected with a consideration of the forces acting on die bear-
ing during warm forming of Ti–6Al–4V titanium alloy sheet,
too. Moreover, another two groups of temperature (room tem-
perature and 300 C) were added to the tests to explore the
inﬂuence of temperature on the tribological properties of dif-
ferent surface modiﬁcations.
As shown in Fig. 2, the CoF was calculated by averaging
the history CoF data which varies with time. The wear was
determined through qualitative analysis supported by the
LEICA-DMI3000M optical microscope.
2.2. Surface modiﬁcations
As shown in Fig. 1(b), the material of upper sample is H13 tool
steels, and lower sample is Ti–6Al–4V titanium alloy sheet withFig. 3 Different surface modiﬁcation
Fig. 2 Data processing method.
Table 2 Composition of H13 die steel.
Elements C Si Mn Cr
wt.% 0.32–0.45 0.8–1.2 0.2–0.5 4.75–5.50thickness of 1 mm. Table 2 shows the composition of H13. In
order to explore the tribological properties of surface
modiﬁcation applied in the warm forming tools, several test
surface modiﬁed H13 specimens were prepared. There are
chromium plating, TiAlN coating, surface polishing and
nitriding treatment.
Hard chromium coating was obtained by electrodepositing
in a chromic acid bath in which the temperature was 38–50 C
and the current density was 25 A/dm2 for 20 min. TiAlN coat-
ing was generated by commercial PVD method of pulse multi
arc ion plating. The deposition experiment was conducted at
550 C for 60 min; the current of titanium target and alumi-
num target were 80 and 60 A respectively; the N2 partial pres-
sure was 1.0 Pa and the negative bias of substrate was 50 V.
The surface polishing specimens were prepared by grinding
and polishing using 2000 grains waterproof abrasive paper,
which gave average surface roughness values Ra of 0.02 lm.
Nitriding treated specimens were gained by plasma nitriding
at temperature of 500 C for 8 h. The different surface modi-
ﬁed specimens are shown in Figs. 3 and 4 shows their
micrographs.
Table 3 shows the mechanical properties of different sur-
face modiﬁcations as well as their surface characteristics. The
microhardness was tested by HXP-1000TM/LCD microhard-
ness tester, and roughness is measured through TR200 surface
roughometer. It is found that the hardness was improved a lot
after the surface modiﬁcation, and the hardness of TiAlN coat-
ing is almost 10 times of the untreated specimen.
3. Results and discussion
3.1. Friction and wear characteristics
Fig. 5 shows the CoFs of different surface modiﬁcation meth-
ods at 500 C and dry friction condition. The value of the bar
chart in Fig. 5(b) is based on the average value of the curve in
the Fig. 5(a). It is observed that the CoF of the TiAlN coated
H13 steel shows the smallest value, followed by polishing,
chromium plating, and nitriding treatment. Compared with
the untreated specimen, the CoFs of all the surface modiﬁca-
tion methods decrease.
Fig. 5(a) shows the history CoFs which varies with time and
it can be observed from it that the CoF curve of TiAlN coatingmethods of forming tool specimens.
Mo V S P Fe
1.10–1.75 0.8–1.2 60.03 60.03 Bal.
Table 3 Mechanical properties and surface characteristics of
surface modiﬁcation methods.
Specimen Thickness (lm) Hardness (HV) Ra (lm)
Untreated 235 0.426
Cr 10 485 0.411
TiAlN 3 2343 0.418
Polishing 221 0.016
Nitriding 100 622 0.407
Fig. 4 Optical micrographs of different surface modiﬁcation methods of forming tool specimens before friction test.
Fig. 5 CoFs of different surface modiﬁcation methods under
conditions of 500 C and dry friction.
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ing trend with increasing friction time. It may attribute to the
high hardness and good lubricating property of TiAlN coat-
ing. During the later period of the friction test, the abrasive
particle of TiAlN can absorb much more load because of its
high hardness. Moreover, surface oxidation has already
appeared at 500 C in some parts of TiAlN. Normally, TiAlN
is oxidized to form mixture of TiO2 and Al2O3. The shear
strength of TiO2 is low, which can be acted as the lubricant.
While the Al2O3 owns higher strength, which has the
protective effect of anti wear. Therefore, the TiAlN can absorb
load and work as lubricant to a certain degree, and the nega-
tive effect of material delaminating and abrasive accumulation
can be neutralize, which keeps the CoF at a stable value
relatively.
Figs. 6 and 7 show the surface conditions and micrographs
of different surface modiﬁcation methods of warm forming
tools specimens after test. It is observed that severe galling
and abrasion appear in a large range of areas for the untreated
forming tools specimen. Both the chromium plating and nitrid-
ing treatment reduce the abrasion to a certain degree; however,
the galling and abrasion can still be obviously observed. The
polishing specimen keeps a relatively smooth surface, and only
a ﬁne ring galling area is visible. TiAlN coating shows excellent
anti-galling and anti-friction characteristics compared with
others. For TiAlN coating, there is no apparent wear trace
in the surface of warm forming tools specimen; moreover, only
little coating delaminating is observed from the optical
micrographs.
Fig. 8 shows the surface conditions of various Ti–6Al–4V
specimens. Under the condition of 500 C, the titanium alloy
sheets oxidize to different degrees. The adhesion and galling
phenomena are observed on the surfaces of untreated, chro-
mium coated and nitriding treated specimens (shown in the cir-
cles). While slight abrasion appeared on the surfaces of
polishing and TiAlN coated specimens.
The results above attribute to the highest hardness of
TiAlN coating. Because hard surface can effectively bear the
load, TiAlN coating helps reduce the degree of deformation
Fig. 7 Optical micrographs of different surface modiﬁcation methods of forming tool specimens after friction test under conditions of
500 C and dry friction.
Fig. 6 Surface conditions with different surface modiﬁcation methods of warm forming tool specimens after test under conditions of
500 C and dry friction.
Fig. 8 Surface condition of Ti–6Al–4V specimen after test under conditions of 500 C and dry friction.
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6Al–4V titanium alloy sheet specimen. It helps reduce the
value of CoF and wear degree, and thus the aim to improve
the tribological properties is able to be realized.
Figs. 9–11 show the CoFs and surface conditions of
different surface modiﬁed H13 forming tool specimens and
Ti–6Al–4V titanium alloy sheet specimens under the condi-
tions of 500 C and graphite lubricated. Under the lubricated
condition, the friction condition improves sharply, and the
CoFs keep at a low value for all the specimens. The excellent
TiAlN coating under dry friction no longer shows the distin-
guished properties under the condition of graphite lubricated.
It can be observed that there are still residual lubricants on thesurfaces of the warm forming tools and Ti–6Al–4V titanium
alloy sheet specimens from Figs. 10 and 11. Under the condi-
tion of graphite lubricated, the surfaces of specimens get well
protected, and the surface effects weaken, which leads to min-
imal difference between different surface modiﬁcation
methods.
Experimental results show that under the conditions of
500 C and dry friction, the TiAlN coating signiﬁcantly
improves the friction condition. The CoF reduces and the wear
degree between the surfaces of the forming tools and
Ti–6Al–4V titanium alloy sheet specimens is slight. However,
under condition of 500 C and graphite lubricated, the improve-
ment effect of all the surface modiﬁcation methods is limited.
Fig. 9 CoFs of different surface modiﬁcation methods under conditions of 500 C and graphite lubricated.
Fig. 10 Surface conditions with different surface modiﬁcation methods of forming tool specimens after test under conditions of 500 C
and graphite lubricated.
Fig. 11 Surface condition of Ti–6Al–4V specimen after test under the conditions of 500 C and graphite lubricated.
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The friction experiments at different temperatures were also
conducted to explore the inﬂuence of temperature on the fric-
tional behavior of all the surface modiﬁcation methods. Fig. 12
shows how the temperature affects the CoF of different surface
modiﬁcations under the condition of dry friction.
As shown in Fig. 12, under the conditions of room temper-
ature, 300 C and 500 C, the CoF of the untreated specimen is
always the biggest, which indicates that the method of surface
modiﬁcation is effective to improve the friction condition. At
room temperature, the smallest CoF is obtained through sur-
face polishing, followed by TiAlN coating, nitriding treatment,
and chromium plating. It is because real surface topography of
polishing specimens (Ra = 0.02 lm) is much better than the
others’ (Ra = 0.4 lm). The excellent surface topography
would reduce the number and height of the peaks of asperities
in contact, so the CoF decreases due to improved contactingcondition. With the increase of temperature, the CoFs of the
untreated specimen, nitriding treatment, surface polishing
and chromium plating all signiﬁcantly increase under the con-
dition of dry friction. While from room temperature to 500 C,
the temperature has little inﬂuence on the CoF of the TiAlN
coating; the CoF of the TiAlN coating almost maintains a
relatively stable value. It can be concluded that the TiAlN
coating owns a good temperature stability of CoF, viz., the
ﬂuctuation of CoF varying with temperature is small, and
the TiAlN coating can be used in a wide range of temperature.
The results of friction experiments under the conditions of
different temperatures and graphite lubricated are shown in
Fig. 13. It can be observed that there is little difference between
the surface modiﬁcation and untreated specimens, and the
CoFs of all the specimens decrease with the increment of
temperature. The variation law of CoF with temperature
under the condition of graphite lubricated is opposite to that
under the dry friction. It is considered that there almost does
not exist the accumulation of abrasive particle due to slight
Fig. 12 Inﬂuence of temperature on CoF of surface modiﬁcation under condition of dry friction.
Fig. 13 Inﬂuence of temperature on the CoF of surface modiﬁcation under the condition of graphite lubricated.
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material tends to soften during the increasing process of
temperature, and the lubricating effect of graphite becomes
better at high temperature. These reasons help to make the
friction condition improve and the surfaces of specimens slip
well. In a word, under the condition of graphite lubricated,
the surface modiﬁcation has little effect on temperature stabil-
ity of CoF; and the CoF decreases with the increase of
temperature.
In conclusion, friction behavior is very complicated at ele-
vated temperature. Both the lubricating condition and tool
materials greatly affect the tribological properties. Under dry
friction condition, the CoFs of different surface modiﬁcation
methods vary greatly. It attributes to the different cutting
effects of peaks of the asperities for different materials. Nor-
mally, increasing temperature would increase the thickness of
oxidation ﬁlm, and then the cutting effects of the asperities
would become severe. Therefore, the CoFs increase with the
increase of temperature under the dry friction. While the oxide
of TiAlN coating helps to improve the friction and wear con-
dition. It is no wonder that TiAlN coating shows excellent
temperature stability of CoF and wear resistant for a wide
range of temperature among the four surface modiﬁcation
methods. However, under graphite lubricated condition,
perfect lubricating condition makes the differences of cutting
effects of the asperities between different surface modiﬁcation
specimens become smaller. So the CoFs of all the specimens
are almost the same.4. Conclusions
In the present study, four different surface modiﬁcation
methods, viz., chromium plating, TiAlN coating, surface
polishing and nitriding treatment, have been applied to
surfaces of H13 tool steel. Their tribological properties
have been evaluated in sliding contact against Ti–6Al–4V
titanium alloy sheets. The ollowing conclusions are
obtained.
(1) The friction behavior under dry friction is different from
that under graphite lubricated condition. First, under
dry friction condition, the different surface modiﬁcation
methods affect the tribological properties a lot. While
under graphite lubricated condition, the CoFs and wear
conditions of different surface modiﬁcation methods are
similar. Second, under dry friction, the CoF has an
increasing trend with the increase of temperature, while
under graphite lubricated condition the CoF decreases
with the increasing of temperature.
(2) Among all the surface modiﬁed H13 steel specimens, the
TiAlN coated H13 specimen shows the best tribological
properties. Under the conditions of dry friction and
500 C, the CoF of TiAlN coating reduces the most
compared with other specimens and the wear degree of
H13 and Ti–6Al–4V specimens is the slightest. And the
temperature stability of CoF of TiAlN coating is also
Tribological evaluation of surface modiﬁed H13 tool steel in warm forming of Ti–6Al–4V titanium alloy sheet 1009the best under dry friction. The TiAlN coating can be
used as the surface modiﬁcation method of H13 tool
steels in Ti–6Al–4V titanium alloy sheet warm forming.
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